The development of methods for the rapid detection of primary structure differences between proteins of similar structure has greatly facilitated studies on the effect of mutations on the primary structure of a protein. ' Investigations with normal and abnormal forms of human hemoglobin have clearly established single amino acid differences between these proteins.2 Similarly, some induced mutants of tobacco mosaic virus form proteins containing one to several amino acid changes. 3 Techniques for determining genetic fine structure have also been highly developed, and it is now possible to prepare detailed genetic maps of specific genes.4 These advances in protein chemistry and genetic analysis permit an examination of the gene-protein relationship at the fine-structure levels of both gene and protein, and, accordingly, several microbial gene-protein systems are being studied at this level.5-The present report is concerned with a study of one of these systems, the A gene-A protein system of the tryptophan synthetase of Escherichia coli. The experiments described in this paper deal with an examination of the primary structure of mutationally altered A proteins. The results obtained indicate that at least in two groups of mutants there is a correlation between the region of the gene altered by mutation and the location of the amino acid change in the corresponding altered A protein.
The development of methods for the rapid detection of primary structure differences between proteins of similar structure has greatly facilitated studies on the effect of mutations on the primary structure of a protein. ' Investigations with normal and abnormal forms of human hemoglobin have clearly established single amino acid differences between these proteins.2 Similarly, some induced mutants of tobacco mosaic virus form proteins containing one to several amino acid changes. 3 Techniques for determining genetic fine structure have also been highly developed, and it is now possible to prepare detailed genetic maps of specific genes. 4 These advances in protein chemistry and genetic analysis permit an examination of the gene-protein relationship at the fine-structure levels of both gene and protein, and, accordingly, several microbial gene-protein systems are being studied at this level.5-The present report is concerned with a study of one of these systems, the A gene-A protein system of the tryptophan synthetase of Escherichia coli. The experiments described in this paper deal with an examination of the primary structure of mutationally altered A proteins. The results obtained indicate that at least in two groups of mutants there is a correlation between the region of the gene altered by mutation and the location of the amino acid change in the corresponding altered A protein.
Materials and Methods.-The A proteins examined were isolated by the same or slight modifications of the procedure used for the purification of the wild-type A protein. 8 Proteolytic digestion and peptide pattern examination of the mutant proteins were performed as described elsewhere. 9 The trypsin and chymotrypsin preparations used were obtained from Worthington Biochemical Corp. In experiments with the A proteins of mutants A-23 and A-11, all of the protein preparations were heated for 5 min at 100'C prior to proteolytic digestion in order to inactivate trace amounts of other proteolytic enzyme(s) that occasionally were present as contaminants. 9 Amino acid analyses were carried out with a Spinco amino acid analyzer. The peptides were hydrolyzed in twice-distilled 5.7 N HCl in sealed, evacuated tubes at 105"C for 48 hr.
Characteristics of Mutants Examined.-The various mutant strains relevant to this study and the sites of their mutational alterations in the A gene are shown in Figure 1 . The mutants listed were isolated in the K-12 strain of E. coli following ultraviolet irradiation.'0 1" All of these mutants form altered A proteins that are fully active in the conversion of indole and serine to tryptophan in the presence of the B protein of tryptophan synthetase."1 However, these altered A proteins are incapable of participating in the physiologically essential reaction, the conversion of indoleglycerol phosphate and serine to tryptophan. The A proteins of many of the mutants listed in Figure 1 have been shown to be distinguishable from each other and from the wild-type A protein on the basis of their physical properties." Mutants A-1, A-23, A-28, A-3.5, and A-36 form heat-labile A proteins, while In deciding whether mutants that afpear to. map at the same site represent repeat or nonidentical changes at the same mutational site, the sensitivity of the test used to detect genetic separability is obviously of considerable importance. In studies with the A mutants, cys-tryp double mutants were used as recipients in transduction tests to increase the sensitivity of the recombination test." It can be calculated that the use of cys-tryp double mutants as recipients in transduction recombination experiments should permit the detection of recombination frequencies of 0.0001 per cent before reversion in the donor or the recipient needs to be considered as an interfering factor. Previous studies using this method with many of the mutants listed at identical sites in Figure 1 Figure 3 The composition of each peptide is expressed as the molar ratios of the constituent amino acids. The peptides were isolated by a combination of paper chromatography and paper electrophoresis. In each case, approximately 15 mg of a T + C digest were applied as a 1 X 10 cm band on Whatman 3MM paper and chromatographed by the procedure described for obtaining peptide patterns.9 The location of the particular peptide band was determined by comparison with a control peptide pattern of a T + C digest of the mutant protein. The area of the paper containing the peptide band was cut out and stitched to a new sheet of Whatman 3MM filter paper and the peptide purified further by electrophoresis at pH 3.*.9 The peptide band was again located by comparison with a control peptide pattern and then eluted from the paper with 10 per cent acetic acid.
it is assumed that different amino acids are at this position in the two mutant proteins. Total amino acid analysis of -the A-33 A protein clearly showed the presence of an additional methionine residue.'4 Since in some cases methionine bonds are hydrolyzed by chymotrypsin,15 the substitution of methionine in the A-33 protein would account for the new chymotrypsin-sensitive bond in this protein.
If the interpretation considered for the position of the amino acid alterations in A-11 and A-33 is correct, then the extra peptide should be derived from the same region of both mutant proteins. Since the extra peptide is found in chymotrypsin digests of the A protein, trypsin digests of either mutant protein should contain a relatively larger tryptic peptide that contains the amino acid change and yields the extra peptide when treated with chymotrypsin. Several lines of evidence indicate that the extra peptide characteristic of digests of the A proteins of mutants A-11 and A-33 is derived from the same tryptic peptide. When trypsin digests of either of these two mutant proteins were fractionated on a Sephadex column, the tryptic peptide which gives rise to the extra peptide upon addition of chymotrypsin was found in the same fraction (Fig. 4) . Furthermore, when these Sephadex fractions were further fractionated on DEAE-Sephadex columns, these tryptic peptides from both mutant digests were again found in approximately the same fractions.
Additional evidence for the similarity of the altered tryptic peptides from the A-ll and A-33 proteins was obtained in studies on the electrophoretic properties of these peptides. When trypsin digests of the A-il and A-33 proteins were applied as a 1 X 2 cm band to Whatman 3MM filter paper and separated by highvoltage electrophoresis at pH 3.7, 4 the tryptic peptide that gives rise to the extra peptide upon chymotrypsin addition was found at the origin. The failure of this peptide to migrate electrophoretically and, as it was subsequently found, chromatographically, under the conditions used for fingerprinting accounts for the similarity of the T peptide patterns of A-11, A-33, and wild-type A proteins. Experiments are currently being carried out to further purify the relevant tryptic peptides from A-11, A-33, A-26, A-3, and wild-type A proteins.
The results of these studies with mutants A-11, A-26, and A-33 suggest that the amino acid changes in the A proteins of these strains are present at the same position. The fact that mutants A-11 and A-26 are indistinguishable in all tests performed to date further suggests that the A proteins of these particular mutants have the same amino acid change. Studies on the Location of the Amino Acid Change in the A Proteins of Mutants Mlapping at the A-23 Site.-The altered A proteins of four mutants, A-23, A-28, A-35, and A-36, all of which map at the same site and form heat-labile A proteins, have also been examined in peptide pattern studies. T + C peptide patterns of each of these mutant proteins showed an identical difference from the corresponding wild-type pattern. A T + C peptide pattern of the A protein of one of these mutants, A-23, is compared with a corresponding wild-type pattern in Figure 2 . As was the case with mutants A-1i, A-26, and A-33, the peptide pattern studies showed that the same peptide was altered in strains with mutational changes at the same site.
The corresponding mutant and wild-type peptides that differ in the A-23 and wild-type T + C peptide patterns were purified by paper electrophoresis and paper chromatography. The amino acid composition of these peptides is shown in Table 2 . It is clear that the mutant peptide contains phenylalanine in addition to the nine amino acids in the wild-type peptide. The corresponding mutant PRoc. N. A. S. The composition of each peptide is expressed as the molar ratios of the constituent amino acids. The peptides were isolated by the procedure described in Table 1 . Since two peptides in the A-23 T peptide pattern replace a single wild-type peptide, an amino acid alteration resulting in the formation of a new trypsin-sensitive bond was considered for the A-23 protein. Such a possibility was also suggested by total amino acid analyses of the A-23 protein, which showed the presence of an additional arginine.14 The wild-type tryptic peptide which is absent in trypsin digests of the A-23 protein has been isolated, 18 and its composition is shown in Figure 6 . This information and the peptide pattern studies suggested the following amino acid sequence for the altered region of the A-23 protein: basic amino acid-phenylalanine-glycine; and X-phenylalanine-glycine for the correspond- ing wild-type region. The arginine-phenylalanine-glycine sequence in the mutant protein would account for the peptide pattern differences, since the addition of trypsin first, and then chymotrypsin, would result in the hydrolysis of the peptide bond between the arginine and phenylalanine yielding a peptide with an N-terminal phenylalanine. An N-terminal phenylalanine bond has been shown to be resistant to hydrolysis by chymotrypsin. 19 The corresponding sequence in the wild-type protein, X-phenylalanine-glycine, would not be attacked by trypsin but would be hydrolyzed between phenylalanine and glycine by chymotrypsin. The net result of the combined action of trypsin and chymotrypsin on this region of the mutant and wild-type proteins would be one mutant peptide which differs from the corresponding wild-type peptide by the presence of an N-terminal phenylalanine. This peptide would be found in either a T or T + C peptide pattern. In addition, a second mutant peptide would be expected and this peptide should contain a C-terminal arginine in place of an X-phenylalanine C-terminal sequence in the corresponding wild-type peptide.
Such an arginine-containing peptide on the T + C peptide pattern was indicated when a comparison was made of the A-23 and wild-type T + C peptide patterns which had been stained for arginine-containing peptides. 9 The new argininecontaining mutant peptide gave a yellow-brown ninhydrin color reaction and was located slightly below the position of a corresponding wild-type peptide that gives a similar ninhydrin reaction but does not contain arginine.
Since analyses of trypsin peptides of the A-23 protein were complicated by the presence of an additional trypsin-sensitive peptide bond, attempts were made to isolate the arginine-containing mutant peptide from chymotrypsin digests of the A-23 protein. Chymotrypsin peptide pattern~s of A-23 and wild-type A proteins were stained for arginine-containing peptides, and an additional arginine-containing peptide was found in the A-23 peptide pattern at a slightly lower chromatographic position than the corresponding chymotryptic peptide of the wild-type protein. This arginine-containing peptide was isolated by fractionation of a chymotrypsin digest of A-23 protein on a DEAE-Sephadex column. Amino acid analyses were performed on this mutant peptide and the compositions of this peptide and the corresponding wild-type chymotryptic peptide are shown in Table 3 . A solution of 38 mg of a chymotrypsin digest of the A-23 protein in 1 ml of pyridine-acetic buffer, pH 7.0 (0.02 M with respect to pyridine), was added to a 1.5 X 100 cm column of DEAE-Sephadex, A-50, which had been washed thoroughly with the pyridine-acetic buffer. A linear gradient was then applied to the column with 300 ml of the pyridine-acetic buffer in the mixing flask and 300 ml of 0.2 M acetic acid in the inlet flask. The flow rate was approximately 10 ml per hr and 8-12 ml fractions were collected. The fractionation was performed at 4°C. The fractions were subjected to paper electrophoresis at pH 3.7 and the peptide located by staining for argininecontaining peptides.9 The mutant peptide was further purified by paper electrophoresis at pH 3.7.
* The analysis of this peptide was taken from the accompanying paper by Henning and Yanofsky.18 It is clear that the mutant peptide differs from the wild-type peptide by the substitution of an arginine for a glycine. The composition of this chymotryptic peptide and the peptide pattern information indicate that the sequence of amino acids in the altered region of the A-23 protein is as shown in Figure 6 . The A protein of mutant A-46 was also examined in peptide pattern studies. The mutational alteration in this strain maps very close to the alteration in strain A-23. No clear difference was observed between T or T + C peptide patterns of the A-46 and the wild-type A proteins.
Discussion.-Recombinational analyses and peptide pattern studies with a number of A protein mutants indicate that a correlation exists between the region of the genetic map at which a mutation occurs and the position of amino acid alteration in the A protein. Recombination studies with mutants A-11, A-33, and A-3 suggest that the mutational alterations in these strains are at the same site in the A gene. These mutants can be distinguished from one another in reversion11 12 and suppressor studies, and, in addition, the A In the recombination experiments with mutants A-23, A-46, and the other A mutants, it was noted that A-23 behaves aberrantly, giving very high recombination values with mutants with alterations near the same end of the A gene. Since the A-23 mutation involves a single amino acid change and presumably a change in a single nucleotide pair, this aberrant behavior would suggest that recombination frequencies are markedly influenced by the nature of the nucleotide differences in recombining genic regions.
Although the detected alterations in the A-23 and A-46 proteins involve single amino acid substitutions, our present information does not exclude the possibility that other undetected changes have occurred or that some of the other ultravioletinduced mutants have more complex amino acid changes. Only single peptide alterations have been observed with any of the mutant proteins examined to date, however, indicating that in each case there is only a localized alteration in the primary structure of the A protein. Total amino acid analyses of the mutant proteins are consistent with this conclusion. '4 The substitution of an arginine or a glutamic acid for glycine as a result of point mutations suggests a coding relationship between these three amino acids. If the mutational event in each of these two mutants involved a change of a single nucleotide, then it could be concluded that the composition of the coding units for arginine or glutamic acid does not differ from that of the coding unit for glycine by more than one nucleotide. A similar consideration can be applied to the A-il region, where there are several different mutant types that map at or near the same site and, consequently, may have amino acid alterations in the same position in their A proteins. By examining many mutants at or near the same site, it should be possible to obtain useful information on the coding relationships between amino acids. If the code is degenerate, this approach will be particularly important.
It is apparent that it will be necessary to carry out similar studies on a number of mutants at different sites along the gene in order to conclusively test the concept of collinearity of amino acid sequence and nucleotide sequence. The correlation between the mutational site map and the positions of amino acid changes in the A proteins of the mutants examined, however, is consistent with this concept and establishes the fact that the genetic map does relate to the primary structure of the corresponding protein.
Summary.-Studies of the altered A proteins produced by several mutants of E. coli have indicated that at least in two groups of mutants there is a correlation between the region of the gene altered by mutation and the location of the amino acid change in the corresponding mutant protein. In addition, peptide pattern studies have supported genetic evidence indicating that several of the mutant strains in each group represent repeat identical mutations at the same site. The A protein of one mutant, A-23, has been shown to differ from the wild-type protein by the substitution of a glycine by an arginine. This substitution involves the same amino acid that is replaced in the protein of another A-protein mutant, A46. 18 Recombinational analyses have shown that the mutationally altered site in the A gene of mutant A-46 is very near to but separable from the altered site in mutant A-23. Studies on the fine structure relationships between a gene and the corresponding protein are being carried out with the A protein of the tryptophan synthetase of Escherichia coli. The preceding paper' describes an investigation with altered A proteins from several mutants and demonstrates that mutational changes at or near the same site in the A gene lead to alterations in the same region of the A protein.
StudieS2' 3 with a large number of A-protein mutants have shown that there are two closely linked sites at one end4 of the A gene that have mutated frequently. All of the strains with mutational changes at one of these sites form a heat-labile A protein2 that is distinguishable from the wild-type A protein in peptide pattern studies.' Strains with mutational changes at the second site form an altered A protein that is somewhat more heat-resistant than the wild-type A protein2 but cannot be distinguished from the normal protein in peptide pattern studies.' The distance between the two mutational sites is approximately '/626-'/2s5o of the total length of the map' of the A gene.
Since the A protein appears to be a single polypeptide chain5 containing approximately 280 amino acids,6 one would predict that these two mutant types should have amino acid substitutions at or near the same position in the A protein if the number of nucleotide pairs in the A gene is a small multiple of the number of amino
